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Recent experiments performed on inclusive electron scattering from nuclear targets have mea-
sured the nucleon electromagnetic structure functions F1(x,Q
2), F2(x,Q
2) and FL(x,Q
2) in
12C, 27Al, 56Fe and 64Cu nuclei. The measurements have been done in the energy region of
1 GeV 2 < W 2 < 4 GeV 2 and Q2 region of 0.5 GeV 2 < Q2 < 4.5 GeV 2. We have calculated
nuclear medium effects in these structure functions arising due to the Fermi motion, binding energy,
nucleon correlations, mesonic contributions from pion and rho mesons and shadowing effects. The
calculations are performed in a local density approximation using a relativistic nucleon spectral
function which includes nucleon correlations. The numerical results are compared with the recent
experimental data from JLab and also with some earlier experiments.
PACS numbers: 13.40.-f,21.65.-f,24.85.+p, 25.40.-h
I. INTRODUCTION
Charged lepton induced processes in the deep inelastic scattering region are used to probe quark and gluon structures
of nucleons and nuclei. The inclusive lepton scattering from nucleon and nuclear targets is an important tool to study
the nucleon structure and its modification in nuclear medium. The early results from the experiments performed at
SLAC in the kinematic region of high energy transfer(ν) and high momentum transfer(Q2) corresponding to Deep
Inelastic Scattering (DIS) exhibited remarkable phenomenon of Bjorken scaling [1]. In Bjorken scaling, the nucleon
structure functions in the asymptotic region of very high Q2 are found to be independent of Q2 and depend only upon
single dimensionless variable x(= Q
2
2Mν ) instead of otherwise independent variables Q
2 and ν. This Q2 independence
of nucleon structure functions led to the first evidence that nucleons consist of structureless constituents identified
as quarks and gluons. Furthermore, the lepton-nucleon cross sections were found to be incoherent sum of elastic
lepton scattering cross section from these structureless constituents confirming the asymptotic freedom predicted by
QCD. At lower values of Q2 and x, the nucleon structure functions exhibit Q2 dependence which is attributed to the
violation of Bjorken scaling due to higher twist correction in QCD [2–4]. These higher twist corrections arise due to
quark-quark and quark-gluon interactions in the nucleon which play an important role when we move to lower Q2
from the asymptotic region in Q2. The nucleon structure functions in the scaling region of high Q2, and their Q2
evolution to lower Q2 region are described rather well using the methods of perturbative QCD and evolution equation
of DGLAP [5].
In the case of deep inelastic lepton scattering from nuclear targets, the nuclear structure functions per nucleon are
found to be quite different from the nucleon structure functions as discovered by the EMC effect first observed at CERN
[6] and confirmed by many experiments thereafter [7]-[30]. These modifications in the nucleon structure function are
due to the nuclear medium effects like Fermi motion, binding energy, nucleon correlations, mesonic contributions, etc.
These are in addition to higher twist effects in QCD for nucleons and mesons in nuclear medium [31–33].
The nuclear medium effects in the DIS region are divided into four parts which are broadly identified in terms
of Bjorken scaling variable x. These are (i) the shadowing effect which is effective in the low values of x(< 0.1).
It has been found that in this region R(= σ
A
σD ) gets suppressed, and the suppression increases with the increase in
the nucleon number A, (ii) the anti-shadowing effect which is effective in the region 0.1 < x < 0.3, where there is
slight enhancement in the ratio R which has been found to be independent of the nucleon number A. Shadowing and
anti-shadowing effects are attributed respectively due to the constructive and destructive interference of amplitudes
arising from the multiple scattering of quarks inside the nucleus, (iii) the EMC effect which is a large suppression in
a wide range of x(0.3 < x < 0.8), and is broadly understood as due to the modification of nucleon structure functions
in nuclei, and (iv) the binding energy and the Fermi motion effect which is effective for x > 0.8 and this arises due
to the fact that the nucleons in a nucleus are moving with an average momentum p ≤ pF , where pF is the Fermi
momentum.
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2In the DIS region, phenomenologically [34]- [38] as well as theoretically [39]-[73] various attempts have been made to
understand the nuclear medium effects. Phenomenologically the studies have been made to obtain a nuclear correction
factor by doing the analysis of the experimental data on charged lepton-nucleus scattering, (anti)neutrino nucleus
scattering, pion-nucleus scattering, proton-nucleus scattering, Drell-Yan processes, etc. Theoretically many models
have been proposed to study these effects on the basis of nuclear binding, nuclear medium modification including short
range correlations in nuclei [39]-[63], pion excess in nuclei [41, 43, 48, 64–66], multi-quark clusters [67–69], dynamical
rescaling [70, 71], nuclear shadowing [72, 73], etc. In spite of these efforts a comprehensive understanding of the
nuclear modifications of nucleon structure functions valid for the entire region of x is still lacking [44–47].
Recently JLab [18] has performed experiments using continuous electron beam facility with energies in the range of
approximately 2-6GeV , and precise measurements have been performed for the nucleon structure functions FN1 (x,Q
2),
FN2 (x,Q
2) and longitudinal structure function FNL (x,Q
2) in the energy region of 1 GeV 2 < W 2 < 4 GeV 2 corre-
sponding to low and moderate Q2 in the region of 0.5 GeV 2 < Q2 < 4.5 GeV 2 on several nuclear targets like 12C,
27Al, 56Fe, 64Cu, 119Sn, etc. The modification of structure function in nuclear medium has also been studied earlier
by SLAC [11], NMC [12], BCDMS [74], etc. collaborations, in some of these nuclear targets as well as in a few other
nuclear targets like 108Ag, 197Au, 208Pb, etc. JLab also plans to upgrade electron beam energy to 12 GeV [75, 76] and
measure nucleon structure functions at low and moderate Q2 in the region ofW relevant for the study of quark-hadron
duality in nuclei. It is, therefore, important that nuclear medium effects are theoretically well understood in the deep
inelastic region as well as in the resonance production region.
Motivated by the recent experimental results [18], we have performed a theoretical study to understand nuclear
medium effect in nuclear structure functions FA1 N (x,Q
2), FA2 N (x,Q
2) as well as longitudinal structure function
FAL N (x,Q
2) in nuclei for several nuclear targets like 12C, 27Al, 56Fe, 64Cu, 119Sn, 197Au and 208Pb in the region
of moderate Q2. Our numerical results are compared with the available JLab data [18] and also with the available
results from earlier experiments performed by NMC [12] collaboration. This study is a continuation of our previous
study of nuclear medium effects in the extraction of electromagnetic and weak structure functions FEM2; A(x,Q
2) [57],
FWeak2,3; A(x,Q
2)[55, 58, 60], Paschos-Wolfenstein relation [61] and Parity Violating asymmetry in deep inelastic polarized
electron scattering [62] from nuclear targets. In the present paper, we have obtained the expressions of FA1 N (x,Q
2)
and FA2 N (x,Q
2) separately without using the Callan-Gross relation. Therefore, these results can also provide a
theoretical framework for testing the validity of Callan-Gross relation in nuclei.
The present study has been performed with a microscopic model which uses relativistic nucleon spectral function
to describe target nucleon momentum distribution incorporating Fermi motion, binding energy effects and nucleon
correlations in a field theoretical model. The spectral function that describes the energy and momentum distribution
of the nucleons in nuclei is obtained by using the Lehmann’s representation for the relativistic nucleon propagator
and nuclear many body theory is used to calculate it for an interacting Fermi sea in nuclear matter [77]. A local
density approximation is then applied to translate these results to a finite nucleus. Furthermore, we have considered
the contributions of the pion and rho meson clouds in a many body field theoretical approach based on Refs. [48, 78].
Due to the fact that JLab data [18], [75] have been taken in a region of relatively low Q2 we have not assumed the
Bjorken limit. We have incorporated Target Mass Correction (TMC) following Ref. [79]. This is effective at moderate
Q2 and high x. The calculations are performed at the leading order(LO) as well as next to the leading order (NLO).
The nucleon Parton Distribution Functions(PDFs) have been taken from the works of CTEQ group [80]. The NLO
evolution of the deep inelastic structure functions has been taken from the works of Vermaseren et al. [81] and van
Neerven and Vogt [82]. In the case of pions we have taken the pionic parton distribution functions given by Gluck
et al. [83, 84]. For the rho mesons, we have applied the same PDFs as for the pions as in Ref. [48]. We have also
considered the effect of shadowing following Ref. [51].
The plan of presentation is the following. In Sect. II some basic formalism for the inclusive lepton-nucleon scattering
has been introduced. In Sect. III the various nuclear medium effects have been discussed in brief, and in Sect. IV the
numerical results are presented. In Sect. V, we conclude our findings.
II. DEEP INELASTIC LEPTON-NUCLEON SCATTERING
The double differential cross section for the reaction (depicted in Fig.1)
l(k) +N(p)→ l(k′) +X(p′), l = e−, µ−, (1)
in the Lab frame is written as
d2σN
dΩldE′l
=
α2
q4
|k′|
|k| Lµν W
µν
N , (2)
3l(k)
l′(k′)
γ∗(q)
N(p)
X(p′)
FIG. 1: Feynman diagram for the virtual photon induced deep inelastic lepton-nucleon scattering. l(l′) is a lepton of four
momenta k(k′), N is a nucleon with four momentum p and X is the jet of hadrons with four momentum p′.
where q = k− k′ is the four momentum transfer, q2(= −4ElE′lsin2 θ2 ) ≤ 0, and α = e2/4π. Lµν is the spin averaged
leptonic tensor given by
Lµν = 2(kµk
′
ν + k
′
µkν − k · k′gµν) (3)
where Ωl, E
′
l refer to the outgoing lepton. The hadronic tensor W
µν
N is defined in terms of W
N
1 , W
N
2 structure
functions of the nucleon,
WµνN =
(
qµqν
q2
− gµν
)
WN1 +
(
pµ − p.q
q2
qµ
)(
pν − p.q
q2
qν
)
WN2
M2
(4)
with M as the mass of nucleon.
In terms of the Bjorken variable x = Q
2
2Mν =
Q2
2M(El−E′l)
and y = νEl , where Q
2 = −q2 and ν is the energy
transfer(= El − E′l), the differential cross section is given by
d2σN
dxdy
=
8MElπα
2
Q4
{
xy2FN1 (x,Q
2) +
(
1− y − xyM
2El
)
FN2 (x,Q
2)
}
. (5)
where FN1 (x,Q
2) = MWN1 (ν,Q
2) and FN2 (x,Q
2) = νWN2 (ν,Q
2), are the dimensionless structure functions. In the
Bjorken limit, i.e. Q2 →∞, ν →∞, x finite, the structure functions FNi=1,2(x,Q2) depend only on the variable x and
satisfy the Callan-Gross relation [85] given by 2xFN1 (x,Q
2) = FN2 (x,Q
2).
The total cross section for polarized photon (helicity λ) interacting with unpolarized proton is expressed as [86]
σλ =
4π2α
K
ǫµλ
∗
ǫνλWµν (6)
where ǫµλ is the polarization vector of the photon with λ = ±1, 0; K = W
2
−M2
2M , W is the invariant energy of the
virtual photon-proton system i.e
√
W 2 =
√
M2 + 2M(El − E′l)−Q2 and Wµν is given by Eq.(4). Using the above
expression, one may obtain the transverse and longitudinal cross sections as
σT =
4π2α
K
WN1 (ν, q
2)
σL =
4π2α
K
[(
1 +
ν2
Q2
)
WN2 (ν, q
2) − WN1 (ν, q2)
]
(7)
Now using the above expressions (i.e. Eq.(7)), WN1 (ν, q
2) and WN2 (ν, q
2) may be written in terms of σL and σT ,
and the differential scattering cross section is written as
d2σN
dΩldE′l
= ΓT
[
σT (x,Q
2) + ǫσL(x,Q
2)
]
= ΓTσT (x,Q
2)
[
1 + ǫR′(x,Q2)
]
, (8)
4l′(k′)
l(k)
l(k) γ∗(q)
γ∗(q)
N (p) X(p′)
(a)
γ∗(q)
γ∗(q)
X
(b)
FIG. 2: (a) Lepton self energy (b) Photon self energy. The imaginary part is calculated by cutting along the horizontal line
and applying the Cutkosky rules while putting the particle on mass shell.
where ΓT is the transverse virtual photon flux
(
= αE′l/[4π
2Q2MEl(1− ǫ)]
)
, R′ = σL/σT , ǫ is the virtual photon
polarization parameter given by
ǫ =
1[
1 + 2(1 + ν
2
Q2 )tan
2 θLab
2
] ≃ 1− y − M
2x2y2
Q2
1− y + y22 + M
2x2y2
Q2
. (9)
θLab is the Lab scattering angle.
Using the above expressions for ΓT and ǫ, one may re-write Eq.(2) as
d2σN
dΩldE′l
= ΓT
4π2α
x(W 2 −M2)
[
2xFN1 (x,Q
2) + ǫ
(
(1 +
4M2x2
Q2
)FN2 (x,Q
2)− 2xFN1 (x,Q2)
)]
. (10)
The expression for the longitudinal structure function FNL (x,Q
2) is defined as
FNL (x,Q
2) = (1 +
4M2x2
Q2
)FN2 (x,Q
2)− 2xFN1 (x,Q2) (11)
where FN1 (x,Q
2) is purely transverse and FN2 (x,Q
2) is a mixture of both.
The nucleon structure functions are determined in terms of parton distribution functions for quarks and anti-quarks.
In this work, for the nucleons we work at the leading order(LO) and next to leading order(NLO) and used CTEQ6.6 [80]
nucleon Parton Distribution Functions (PDFs). For Q2 evolution we have used the model of Refs. [81, 82, 87]. It may
be pointed out that we have also obtained the results at next to next to leading order i.e. NNLO (the results not
shown here) and found the change between NLO and NNLO results to be less than half a percent.
III. NUCLEAR EFFECTS
Now we evaluate the cross section for the reaction given by Eq.(1) for the lepton scattering taking place with a
nucleon moving inside the nucleus. The expression of the cross section given in Eq.(2) is modified as
d2σA
dΩldE′l
=
α2
q4
|k′|
|k| Lµν W
µν
A , (12)
where WµνA is the nuclear hadronic tensor defined in terms of nuclear hadronic structure functions W
A
i (i=1,2) as
WµνA =
(
qµqν
q2
− gµν
)
WA1 +
(
pµA −
pA.q
q2
qµ
)(
pνA −
pA.q
q2
qν
)
WA2
M2A
(13)
with MA is the mass of nucleus. In the present formalism the lepton-nucleus DIS cross section is obtained in terms
of lepton self energy in the nuclear medium. We evaluate the lepton self energy corresponding to the diagram shown
5in Fig.2, and the cross section for an element of volume dV in the nucleus is related to the probability per unit time
(Γ) of the lepton interacting with the nucleons. ΓdtdS provides probability times a differential of area(dS) which is
nothing but the cross section(dσ) i.e.
dσ = ΓdtdS = Γ
dt
dl
dSdl = Γ
1
v
dV = Γ
El
| k |dV = Γ
El
| k |d
3r, (14)
where dl is the length of the interaction, v(= dldt) is the velocity of the incoming lepton and we have used k = vEl.
Also probability per unit time of the lepton interacting with the nucleons in the medium to give the final state is
related to the imaginary part of the lepton self energy i.e.
− Γ
2
=
m
El(k)
ImΣ (15)
Equating Eq. 14 and Eq.15, one gets
dσ =
−2m
El(k)
ImΣ(k)
El(k)
| k | d
3r, (16)
Thus to get dσ for (l, l′) scattering on the nucleus given by Eq. 12, we are required to evaluate imaginary part of
lepton self energy ImΣ(k). For this, we write the lepton self energy (Σ(k)) corresponding to the diagram shown in
Fig.2a by using Feynman rules
− iΣ(k) =
∫
d4q
(2π)4
u¯l(k) ieγ
µ i
6k′ +m
k′2 −m2 + iǫ ieγ
νul(k)
−igµρ
q2
(−i) Πρσ(q) −igσν
q2
(17)
which for unpolarized leptons can be written as
Σ(k) = ie2
∫
d4q
(2π)4
1
q4
1
2m
Lµν
1
k′2 −m2 + iǫ Π
µν(q), (18)
where Πµν(q) the photon self energy and Lµν is the leptonic tensor given by Eq.3. Now we shall use the imaginary
part of the lepton self energy i.e. ImΣ(k), to obtain the results for the cross section and for this we apply Cutkosky
rules [88]
Σ(k) → 2i ImΣ(k)
D(k′) → 2iθ(k′0) ImD(k′) (boson propagator)
Πµν(q) → 2iθ(q0) ImΠµν(q)
G(p) → 2iθ(p0) ImG(p) (fermion propagator)
(19)
which leads to
2iImΣ(k) = ie2
∫
d4q
(2π)4
1
q4
1
2m
Lµν 2iIm
1
k′2 −m2 + iǫ 2iIm(Π
µν)
⇒ ImΣ(k) = e2
∫
d3q
(2π)3
1
2El
θ(q0) Im(Πµν)
1
q4
1
2m
Lµν (20)
Notice from Eq. 20, Σ(k) contains photon self energy Πµν , which is written in terms of nucleon propagator Gl and
meson propagator Dj and using Feynman rules [88] following Fig. 2 this is given by
Πµν(q) = e2
∫
d4p
(2π)4
G(p)
∑
X
∑
sp,sl
∏N
i=1
∫
d4p′i
(2π)4
∏
l
Gl(p
′
l)
∏
j
Dj(p
′
j)
< X |Jµ|H >< X |Jν |H >∗ (2π)4 δ4(q + p−
N∑
i=1
p′i), (21)
where sp is the spin of the nucleon, si is the spin of the fermions in X , < X |Jµ|H > is the hadronic current for
the initial state nucleon to the final state hadrons, index l runs for fermions and index j runs for bosons in the final
hadron state X .
6k k k
FIG. 3: Nucleon self-energy in the nuclear medium
To derive the nucleon propagator in nuclear medium G(p) we start with the relativistic free nucleon Dirac propagator
G0(p0,p) and write it in terms of the contribution from the positive and negative energy components of the nucleon
described by the Dirac spinors u(p) and v(p) using their appropriate normalization (u¯u = 1), which results [88]:
G0(p0,p) =
M
E(p)
{∑
r ur(p)u¯r(p)
p0 − E(p) + iǫ +
∑
r vr(−p)v¯r(−p)
p0 + E(p) − iǫ
}
(22)
where M is the mass and E(p) is the relativistic energy(
√
p2 +M2) of an on shell nucleon. We shall retain only the
positive energy contributions as the negative energy contributions are suppressed.
Moreover, the relativistic nucleon propagator in a non-interacting Fermi sea may be written as
G0(p0,p) =
M
E(p)
{∑
r
ur(p)u¯r(p)
[
1− n(p)
p0 − E(p) + iǫ +
n(p)
p0 − E(p)− iǫ
]
+
∑
r vr(−p)v¯r(−p)
p0 + E(p)− iǫ
}
(23)
where n(p) is the occupation number of the nucleons in the Fermi sea, n(p)=1 for p≤ pFN while n(p) =0 for p> pFN .
In the interacting Fermi sea, the relativistic nucleon propagator is written using Dyson series expansion (depicted
in Fig.3) in terms of nucleon self energy ΣN (p0,p). This perturbative expansion is summed in a ladder approximation
to give [48]:
G(p) =
M
E(p)
∑
r ur(p)u¯r(p)
p0 − E(p) +
M
E(p)
∑
r ur(p)u¯r(p)
p0 − E(p) Σ
N (p0,p)
M
E(p)
∑
s us(p)u¯s(p)
p0 − E(p) + .....
=
M
E(p)
∑
r
ur(p)u¯r(p)
p0 − E(p)− u¯r(p)ΣN (p0,p)ur(p) ME(p)
(24)
One may notice from the expression for the nucleon propagator G(p) given in Eq.24 that it contains nucleon self
energy ΣN (p0,p). The nucleon self-energy is written using the techniques of the standard Many-Body Theory [77].
The inputs required for the NN interaction are incorporated by relating them to the experimental elastic NN cross
section. Furthermore, RPA-correlation effect is taken into account using the spin-isospin effective interaction as the
dominating part of the particle-hole (ph) interaction. Using the modified expression for the nucleon self energy, the
imaginary part of it is obtained. Due to RPA effect the imaginary part of the nucleon self-energy is quenched specially
at low energies and high densities and this also depends on nucleon energy p0 as well as nucleon momentum p in the
interacting Fermi sea. The imaginary part of the nucleon self-energy fulfills the low-density theorem. The real part of
the nucleon self energy is obtained by means of dispersion relations using the expressions of the imaginary part. The
Hartree and Fock pieces of the self-energy do not contribute to the imaginary part and therefore cannot be obtained
by means of the dispersion relations and are explicitly added. For the real part, the only added piece is the Fock term
assuming that the interaction contains spin-isospin excitations having longitudinal and transverse components. This
model, of course, misses some pieces of Hartree type, which depend on the density but not on p0 or p, but its effect
is expected to be small in the study of present interest. Following Ref. [48], the relativistic nucleon propagator G(p)
in a nuclear medium is thus expressed as:
G(p) =
M
E(p)
∑
r
ur(p)u¯r(p)
[∫ µ
−∞
dω
Sh(ω,p)
p0 − ω − iη +
∫
∞
µ
dω
Sp(ω,p)
p0 − ω + iη
]
, (25)
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FIG. 4: Sh(ω,p) vs ω for p < pF (Left panel) and p > pF (Right panel) in
12C(solid line) and 56Fe(dashed line).
where Sh(ω,p) and Sp(ω,p) being the hole and particle spectral functions respectively, which are given by [48],[77]:
Sh(p0,p) =
1
π
M
E(p) ImΣ
N (p0,p)(
p0 − E(p)− ME(p)ReΣN (p0,p)
)2
+
(
M
E(p) ImΣ
N (p0,p)
)2 (26)
for p0 ≤ µ
Sp(p0,p) = − 1
π
M
E(p) ImΣ
N (p0,p)(
p0 − E(p)− ME(p)ReΣN (p0,p)
)2
+
(
M
E(p) ImΣ
N (p0,p)
)2 (27)
for p0 > µ. µ is the chemical potential given by µ =
p2F
2M + ReΣ
N
[
p2F
2M , pF
]
and for the present numerical calculations,
the expressions for which have been taken from Ref. [77]. A few properties related with spectral function have been
presented in Appendix-A. In Fig.4, following Ref. [48], we have shown Sh(ω,p) vs ω (where ω = p0 −M), for p < pF
and p > pF in
12C and 56Fe nuclei. It may be observed that for p < pF the hole spectral function Sh almost mimics
a delta function as it corresponds to a Lorentzian distribution with a very narrow width. While for p > pF , Sh is not
exactly zero, although very small in magnitude but has a longer range. This behaviour is different from independent
particle model where it is exactly zero and this difference arises due to nucleon correlation [89].
Using Eqs.16 and 20, and performing the momentum space integration one may write the cross section as:
dσA
dΩldE′l
= − α
q4
|k′|
|k|
1
(2π)2
Lµν
∫
ImΠµνd3r (28)
At this stage if Eq.(12) and Eq.(28) are compared it may be inferred that WµνA is related with ImΠ
µν as
WµνA = −
1
4π2α
∫
ImΠµνd3r (29)
Using Eq.(25) and the expressions for the free nucleon and meson propagators in Eq.(21), and finally substituting
them in Eq.(29), we obtain nuclear hadronic tensor for an isospin symmetric nucleus in terms of nucleonic hadronic
tensor and spectral function, given by
WαβA = 4
∫
d3r
∫
d3p
(2π)3
M
E(p)
∫ µ
−∞
dp0Sh(p0,p, ρ(r))W
αβ
N (p, q), . (30)
8In this way we have incorporated Fermi motion, Pauli blocking and nucleon correlations through the inclusion of
spectral function Sh(p0,p, ρ(r)). The normalization of the spectral function and the quantities obtained from it are
given in Appendix-A.
Accordingly the dimensionless nuclear structure functions FAi=1,2(x,Q
2), are defined in terms of WAi=1,2(ν,Q
2) as
FA1 (x,Q
2) = MA W
A
1 (ν,Q
2)
FA2 (x,Q
2) = νA W
A
2 (ν,Q
2) where
νA =
p
A
· q
M
A
=
p0Aq0
M
A
= q0, p
µ
A
= (M
A
,~0) and M
A
is the mass of a nucleus. (31)
Taking the xx component of Eq.(4), we have
WNxx =
(
qxqx
q2
− gxx
)
WN1 +
1
M2
(
px − p.q
q2
qx
)(
px − p.q
q2
qx
)
WN2 (32)
Choosing q along the z-axis, we obtain for qµ = (q0, 0, 0, q) and p
µ = (EN ,p),
WNxx(xN , Q
2) =WN1 (xN , Q
2) +
1
M2
p2xW
N
2 (xN , Q
2) (33)
Similarly taking the xx component of Eq.(13) and using pµ
A
= (M
A
,~0), we have
WAxx(xA, Q
2) =WA1 (xA, Q
2) =
FA1 (xA, Q
2)
AM
(34)
Using equations Eq.(33) and Eq.(34) in Eq.(30), we have
FA
1 N
(xA, Q
2) = 4AM
∫
d3r
∫
d3p
(2π)3
M
E(p)
∫ µ
−∞
dp0Sh(p0,p, ρ(r))
[
FN1 (xN , Q
2)
M
+
1
M2
px
2F
N
2 (xN , Q
2)
ν
]
, (35)
where xN =
Q2
2p·q =
Q2
2(p0q0−pzqz)
and xA =
x
A =
1
A
Q2
2Mq0
.
For nonisoscalar nuclear target the above equation is written as
FA
1 N
(xA, Q
2) = 2
∑
τ=p,n
AM
∫
d3r
∫
d3p
(2π)3
M
E(p)
∫ µ
−∞
dp0S
τ
h(p0,p, ρ
τ (r))
[
F τ1 (xN , Q
2)
M
+
1
M2
px
2F
τ
2 (xN , Q
2)
ν
]
. (36)
Similarly taking the zz component of Eq.(4) and Eq.(13), we obtain
WNzz(xN , Q
2) =
q20
q2
WN1 (xN , Q
2) +
1
M2
(
(pzq
2 − p.q qz)2
q4
)
WN2 (xN , Q
2) (37)
WAzz(xA, Q
2) =
q20
q2
WA
1 N
(xA, Q
2) +
q20 q
2
z
q4
WA
2 N
(xA, Q
2) (38)
Using equations Eq.(37) and Eq.(38) in Eq.(30), we have
q20
q2
WA
1 N
(xA, Q
2) +
q20 q
2
z
q4
WA
2 N
(xA, Q
2) = 2
∑
τ=p,n
∫
d3r
∫
d3p
(2π)3
M
E(p)
∫ µ
−∞
dp0S
τ
h(p0,p, ρ
τ (r)) ×
[
q20
q2
W τ1 (xN , Q
2) +
1
M2
(
(pzq
2 − p.q qz)2
q4
)
W τ2 (xN , Q
2)
]
(39)
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FIG. 5: Lepton self energy diagram including particle-hole(1p-1h), delta-hole(1∆-1h), 1p1h-1∆1h, etc. excitations.
With the expressions of WA
1 N
(x,Q2) and WA
2 N
(x,Q2) in terms of FA1 N (x,Q
2) and FA2 N (x,Q
2), we obtain from
Eq.(39) following expression for FA2 N (x,Q
2):
FA
2 N
(x,Q2) = 2
∑
τ=p,n
∫
d3r
∫
d3p
(2π)3
M
E(p)
∫ µ
−∞
dp0S
τ
h(p0,p, ρ
τ (r)) ×
[
Q2
q2z
( |p|2 − p2z
2M2
)
+
(p0 − pz γ)2
M2
(
pz Q
2
(p0 − pz γ)q0qz + 1
)2]
M
p0 − pz γ F
τ
2 (x,Q
2), (40)
where γ = qzq0 .
Thus for the numerical calculations we shall use Eq.(36) for FA
1 N
(x,Q2) and Eq.(40) for FA
2 N
(x,Q2). These
numerical results will be labeled as the results with spectral functions. Now we include the mesonic contributions
coming from pion and rho mesons. We follow the same approach as in the nucleon case. However, for completeness,
we explicitly present a brief description of this formalism.
A. Mesonic contributions
There are virtual mesons associated with each nucleon bound inside the nucleus. These meson clouds get strength-
ened by the strong attractive nature of nucleon-nucleon interactions. This leads to an increase in the interaction
probability of virtual photons with the meson cloud. The effect of meson cloud is more pronounced in heavier nuclear
targets and dominate in the intermediate region of x(0.2<x<0.6) which leads to an enhancement of nuclear structure
function FA1,2 [57]. To obtain the contribution from the virtual mesons, we again evaluate lepton self energy and for
this a diagram similar to the one shown in Fig.2 is drawn, except that instead of a nucleon now there is a meson which
results in the change of a nucleon propagator by a meson propagator. This meson propagator does not correspond
to the free mesons as one lepton (either electron or muon) can not decay into another lepton, one pion and X but
corresponds to the mesons arising due to the nuclear medium effects by using a modified meson propagator. These
mesons are arising in the nuclear medium through particle-hole(1p-1h), delta-hole(1∆-1h), 1p1h-1∆1h, 2p-2h, etc.
interactions as depicted in Fig.5.
In the present model, we have considered the contribution from π and ρ meson clouds following the many body field
theoretical approach as used in the case of bound nucleons. We shall make use of the imaginary part of the meson
propagators instead of spectral function. In the case of pion following Ref.[48], we replace
−2π M
E(p)
Sh(p0,p) W
αβ
N (p, q)
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FIG. 6: FA2 (x,Q
2) vs x at a fixed Q2, in A=12C, 27Al, 56Fe, and 63Cu with spectral function(dashed-dotted line) and full
calculation(dashed line) at LO and the results with spectral function(dashed-double dotted line) and full calculation(solid line)
at NLO. Experimental points are the JLab data [18].
in Eq.(40) by
ImD(p) θ(p0) 2W
αβ
pi (p, q)
where D(p) is the pion propagator in the nuclear medium given by
D(p) = [p0
2 − p 2 −m2pi −Πpi(p0,p)]−1 , (41)
with
Πpi =
f2/m2piF
2(p)p 2Π∗
1− f2/m2piV ′LΠ∗
. (42)
Here, F (p) = (Λ2 −m2pi)/(Λ2 + p 2) is the πNN form factor, Λ=1 GeV , f = 1.01, V ′L is the longitudinal part of the
spin-isospin interaction and Π∗ is the irreducible pion self energy that contains the contribution of particle - hole and
delta - hole excitations.
Following a similar procedure, as done in the case of nucleon, the contribution of the pions to hadronic tensor in
the nuclear medium may be written as [48]
WµνA,pi = 3
∫
d3r
∫
d4p
(2π)4
θ(p0)(−2) ImD(p) 2mpiWµνpi (p, q) (43)
A factor of 3 arises due to the three charge state of pions and a factor of 2 is absent as compared to the nucleon as
the pions are spinless particles.
Eq.(43) also contains the contribution of the pionic contents of the nucleon. Since these pionic contents are already
contained in the sea contribution of nucleon, therefore, the pionic contribution of the nucleon is to be subtracted
from Eq.(43), in order to calculate the contribution from the pion excess in the nuclear medium. This is obtained by
replacing ImD(p) by δImD(p) [48] as
ImD(p) → δImD(p) ≡ ImD(p)− ρ ∂ImD(p)
∂ρ
|ρ=0 (44)
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which leads to
FA1,pi(xpi , Q
2) = −6AM
∫
d3r
∫
d4p
(2π)4
θ(p0) δImD(p) 2mpi
[
F1pi(xpi , Q
2)
mpi
+
|p|2 − p2z
2(p0 q0 − pzqz)
F2pi(xpi, Q
2)
mpi
]
(45)
where xpi = − Q
2
2p·q .
Following the same procedure as for FA2 N (x,Q
2) obtained in Eq.(40), the expression for FA2,pi(x), is given by
FA
2,pi
(xpi, Q
2) = −6
∫
d3r
∫
d4p
(2π)4
θ(p0) δImD(p) 2mpi ×[
Q2
q2z
( |p|2 − p2z
2m2pi
)
+
(p0 − pz γ)2
m2pi
(
pz Q
2
(p0 − pz γ)q0qz + 1
)2]
mpi
p0 − pz γ F2pi(xpi, Q
2) (46)
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F
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(i=1,2) in % vs x, at Q2 = 2 GeV 2 in 56Fe. Here FSFi stands for nuclear structure
functions FA
i
(x,Q2) (i = 1, 2) obtained using spectral function only and FModifiedi stands for nuclear structure functions
FA
i
(x,Q2) (i = 1, 2) evaluated (i) with mesonic effects along with the spectral function, and (ii) when shadowing is also
included in (i). The solid dotted(solid) line is the result obtained for r1 using case i(ii) and dashed dotted(dashed) line is the
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Similarly the contribution of the ρ-meson cloud to the structure function is taken into account in analogy with the
above model and the rho structure function is written as [48]
FA1,ρ(xρ, Q
2) = −12AM
∫
d3r
∫
d4p
(2π)4
θ(p0) δImDρ(p) 2mρ
[
F1ρ(xρ, Q
2)
mρ
+
|p|2 − p2z
2(p0 q0 − pz qz)
F2ρ(xρ, Q
2)
mρ
]
(47)
FA
2,ρ
(xρ, Q
2) = −12
∫
d3r
∫
d4p
(2π)4
θ(p0) δImDρ(p) 2mρ ×[
Q2
q2z
( |p|2 − p2z
2m2ρ
)
+
(p0 − pz γ)2
m2ρ
(
pz Q
2
(p0 − pz γ)q0qz + 1
)2]
mρ
p0 − pz γ F2ρ(xρ, Q
2) (48)
where xρ = − Q
2
2p·q and Dρ(p) is now the ρ-meson propagator in the medium given by:
Dρ(p) = [p0
2 − p 2 −m2ρ −Π∗ρ(p0,p)]−1 , (49)
where
Π∗ρ =
f2/m2ρCρF
2
ρ (p)p
2Π∗
1− f2/m2ρV ′TΠ∗
. (50)
Here, V ′T is the transverse part of the spin-isospin interaction, Cρ = 3.94, Fρ(p) = (Λ
2
ρ −m2ρ)/(Λ2ρ + p 2) is the ρNN
form factor, Λρ=1 GeV , f = 1.01, and Π
∗ is the irreducible rho self energy that contains the contribution of particle
- hole and delta - hole excitations. Quark and antiquark PDFs for pions have been taken from the parameterization
given by Gluck et al.[83] and for the rho mesons we have taken the same PDFs as for the pions.
We have tested that our model fulfills the momentum sum rule as expressed in Eq.(88) of Ref [43] (including also
the ρ meson). The procedure is straight forward by using Eqs. 36-37 from Kulagin and Petti and Eq.(10) from our
paper published in Ref. [57]. The pion y¯pi and nucleon y¯N fractions of the light cone momentum are related by
y¯pi + y¯N =
MA
AM
, (51)
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FIG. 9: Results of the full calculation at LO(LO Total) and NLO(NLO Total) for the longitudinal structure function FAL (x,Q
2)
vs x, in various nuclei(A=12C, 27Al, 56Fe and 63Cu). These results are presented at different Q2. Experimental points are
JLab data [18]. At NLO, these results are also presented with the spectral function(NLO SF). Nuclear targets 56Fe and 63Cu
are treated as nonisoscalar in the present calculation.
where MA is the nucleus mass. The nucleon quantities can be easily obtained from the spectral function. Our results
are like this: For iron y¯N = 0.967, π+ρ should account for 0.024.
IV. RESULTS AND DISCUSSION
For the numerical calculations we have used Eq.(36) for FA1 N (x,Q
2) and Eq.(40) for FA2 N(x,Q
2). The contributions
of π and ρ mesons have been taken into account using Eq.(45) for FA1 pi(x,Q
2), Eq.(46) for FA2 pi(x,Q
2), Eq.(47) for
FA1 ρ(x,Q
2) and Eq.(48) for FA2 ρ(x,Q
2). We have added the mesonic contributions to the nucleonic contribution
to get the full result. It should be mentioned that all the parameters entering in the above mentioned equations
have been fixed by our earlier [57, 58] works and have not been taken as free parameters. We have used CTEQ
parameterization [80] for the quark/antiquark PDFs for nucleon and the quark/antiquark parameterization for pion
from the works of Gluck et al. [83]. For the rho meson we have taken the same PDFs as for the pion. Moreover, while
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determining nucleon structure functions in terms of parton distribution functions, it is important to include target
mass correction(TMC) to take into account the effects associated with the non-zero mass of the target. TMC effects
are more pronounced at large x and moderate Q2. We have taken into account the target mass correction following
the works of Schienbein et al. [79]. The shadowing effect has been incorporated following Ref. [51] and is pronounced
at low x(x<0.1). Therefore, in the present studied region of x(> 0.1) the effect of shadowing is almost negligible and
the results for this are not explicitly shown in all the figures.
The results are presented for different cases. The first case is when we take the contribution of nucleon spectral
function only i.e. Eq.(36) for FA1 N (x,Q
2) and Eq.(40) for FA2 N (x,Q
2), which includes the effect of Fermi motion,
nuclear binding and nucleon correlations, and perform the calculation at the leading order(LO). The numerical results
are referred as LO(SF). We then include the contribution from meson clouds as well as shadowing effect and this we
call as the results of our full model. This we refer as LO(Total). These results have also been obtained at NLO for
both the cases. The results in these cases are referred as NLO(SF) and NLO(Total), respectively.
In Fig.6, we have presented the results for FA2 (x,Q
2) in various nuclear targets like 12C, 27Al, 56Fe and 63Cu
at different Q2. We find that in 12C at Q2 = 2 GeV 2, the results obtained using full model at LO, is about 18%
higher at x=0.2 in comparison to the results obtained using spectral function only. This difference decreases with the
increase in x, for example at x=0.4, it is 12% and becomes almost negligible at x=0.6. We observe that this difference
increases with the increase in mass number i.e. for 27Al, it is ∼ 20% higher at x=0.2 and 14% at x=0.4, while in 56Fe
it is ∼ 23% higher at x=0.2 and 17% at x=0.4. In 118Sn(not shown in the figure) this difference becomes about 25%
at x=0.2 and 18% at x=0.4, whereas in 208Pb (not shown in the figure) this difference increases to 26% at x=0.2 and
20% at x=0.4. The difference is mainly due to mesonic effects and is negligible for x ≥ 0.6 for the nuclei considered
here. When the results obtained by using the full model at NLO are compared with the results evaluated at LO, we
find that the results decrease from the LO values. For example, in the case of 12C, it is lower by 10% at x=0.2 and 5%
at x=0.4. Then there is a cross over around x=0.5 and beyond that it increases with increase in x. For example, it is
around 35-38% larger at x=0.8 for the nuclei considered here. The effect of shadowing has been found to be almost
negligible in the presently studied region of x. For example, the effect of shadowing is around 1-2% at x∼0.2 in 12C
which increases to 2-3% for heavier nuclei like 118Sn and 208Pb. We have also shown in this figure, JLab experimental
data [18] and find that our results obtained with full model at NLO agree reasonably well with the JLab data.
In Fig.7, we present the results for 2xFA1 (x,Q
2) obtained using Eqs.(36), (45) and (47). The results are presented
with full model at LO and NLO in several nuclei like 12C, 27Al, 56Fe and 63Cu at various values of Q2. We find
that in general these results are qualitatively similar in nature to that found in the case of FA2 (x,Q
2), however,
quantitatively there is some variation, specially in the region of low x where mesonic effects play a role. The results
are also compared with the JLab data [18] and we find a reasonable agreement with the experimental data.
We separately show the effect of mesonic contribution and shadowing effect in FA1 (x,Q
2) and FA2 (x,Q
2), by pre-
senting the results for ri =
FModifiedi (x,Q
2) − FSFi (x,Q
2)
FModifiedi (x,Q
2)
,(i=1,2) in Fig.8. These results are shown in 56Fe, where
FSFi (x,Q
2) stands for the results obtained for the nuclear structure functions using the spectral function only while
FModifiedi (x,Q
2) is the result obtained when we include (i) mesonic(π + ρ) contributions and (ii) mesonic(π + ρ)
contributions and shadowing effects. At low Q2, we find that the mesonic contributions are larger which become
smaller with the increase in Q2. For example, at Q2 = 2 GeV 2, the mesonic contribution is 24-28% at x=0.2, which
becomes 2-4% at x=0.6. Similarly at Q2 = 5 GeV 2(not shown in the figure), the mesonic contribution is found to
be 20-24% at x=0.2, which becomes 1-2% at x=0.6. We also find that the mesonic contributions to FA2 (x,Q
2) at a
given x and Q2 is larger than the mesonic contribution in FA1 (x,Q
2) over the whole range of x and Q2. The results
presented in Figs.6 and 7 for FA2 (x,Q
2) and 2xFA1 (x,Q
2) give useful predictions for FA1,2(x,Q
2) at low x, which may
be tested in future experiments. It may be observed that the mesonic contributions are really different for FA1 (x,Q
2)
and FA2 (x,Q
2) structure functions and when shadowing contributions are included both curves get reduced because
the shadowing goes in the opposite direction to the enhancement due to meson cloud contribution and this can be
viewed as a kind of compensating effect.
In Fig.9, we present the results for the longitudinal structure function FAL (x,Q
2) using the full model at LO as well
as at NLO. Here we have also shown the results with the spectral function only, obtained at NLO. These results are
presented for various nuclear targets like 12C, 27Al, 56Fe and 63Cu at different Q2. We find that mesonic contributions
to FAL (x,Q
2) are quite large at low x and Q2 and becomes negligible for x > 0.6 for almost all values of Q2 studied
here. For example, in 12C at Q2 = 2 GeV 2, the mesonic contributions is ∼ 58% (of total FAL (x,Q2)) at x=0.2 which
reduces to 20% at x=0.5. The mesonic contributions increases for all x(x < 0.6) with the increase in mass number as
we go from 12C to 63Cu as shown in Fig.9. Thus the results presented in this figure are also an equivalent proof of
the fact that the mesonic contributions to FA1 (x,Q
2) and FA2 (x,Q
2) are really different. This is because, in principle,
FAL (x,Q
2) should be zero if Callan-Gross relationship were exactly fulfilled. While the nucleonic contributions(SF
only) of F2 and 2xF1 show a more prominent trend to cancel while computing FL, whereas the mesonic contributions
when added to it leads to a significant behaviorial change which results in a broken Callan-Gross relation(compare
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the curve shown by the dotted lines to the curve shown by the solid line in Fig.9). The results at NLO are larger than
LO for x > 0.4 and are in better agreement with the experimental results for FAL (x,Q
2) for JLab [18]. However, there
are some exceptions specially at low Q2 (≤ 2 GeV 2) as seen in the case of 27Al and 56Fe. At smaller Q2 in the region
of Q2 ≤ 2 GeV 2, the non-perturbative QCD effects and their possible enhancement in nuclear medium may play an
important role which are beyond the scope of this work. However the present work makes important prediction for
FAL (x,Q
2) in lower x region which may be tested in future experiments.
We present the results for
FCa1 (x,Q
2)
FC1 (x,Q
2)
and
FCa2 (x,Q
2)
FC2 (x,Q
2)
in Fig.10, using the spectral function and the full model at NLO
and compared the results with NMC data [12]. We find that the results are in better agreement with the experimental
observations when mesonic contributions are included in addition to the nuclear medium effects. We find a strong
nuclear dependence as the absolute values of the slope increases with the increase in the mass number. This may be
noted that although mesonic cloud contributions seem to be very different for FA1 (x,Q
2) and FA2 (x,Q
2) separately,
they also seem to cancel when computing the ratios between structure functions for different nuclei.
V. CONCLUSION
To conclude, we have studied nuclear medium effects in electromagnetic nuclear structure functions FA1 (x,Q
2) and
FA2 (x,Q
2), and the longitudinal structure function FAL (x,Q
2). For the nuclear medium effects, we took into account
Fermi motion, nuclear binding, nucleon correlations, effect of meson degrees of freedom, etc. The calculations are
performed both at LO and NLO.
The theoretical expressions for FA1 (x,Q
2) and FA2 (x,Q
2) have been obtained without assuming Callan-Gross relation
at nuclear level but it has been assumed at nucleonic(and mesonic) level while computing FN1,2(x,Q
2) and Fpi, ρ1,2 (x,Q
2)
for free nucleons and mesons. The theoretical results are then compared with the experimental data for FA1 (x,Q
2),
FA2 (x,Q
2), FAL (x,Q
2) from JLab data [18] and found in good agreement with them (for x > 0.4) except for FAL at
very low Q2 < 2 GeV 2. The present work makes predictions for nucleon electromagnetic structure functions at lower
x in various nuclei in the region of 2 < Q2 < 4GeV 2, which will be useful in analyzing the future experiments being
done for studying the nuclear medium effects in lepton nucleus scattering at low and moderate Q2. The results are
also compared with the old NMC data on
FCa1,2 (x,Q
2)
FC1,2(x,Q
2)
with good agreement and predictions are made for other nuclei.
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Appendix A: Properties of the spectral function
The hole and particle spectral functions fulfill the following relations,∫ µ
−∞
dp0 Sh(p0,p) = n(p) (A1)
∫
∞
µ
dp0 Sp(p0,p) = 1− n(p) (A2)
where n(p) is the Fermi occupation number.
Therefore, the following sum rule is also full filled∫ µ
−∞
dp0 Sh(p0,p) +
∫
∞
µ
dp0 Sp(p0,p) = 1 (A3)
In the absence of interactions, the nucleon energy p0 is the free relativistic energy E(p) and the dressed propagator
G(p) reduces to the free propagator G0(p) i.e. if ΣN (p) = 0 then
Sh(p0,p) = Sp(p0,p) = δ(p0 − E(p)) (A4)
then ∫ µ
−∞
dp0 Sh(p0,p) =
∫ µ
−∞
dp0 δ(p0 − E(p)) =
{
1 if µ > E(p)
0 if µ < E(p)
(A5)∫
∞
µ
dp0 Sp(p0,p) =
∫
∞
µ
dp0 δ(p0 − E(p)) =
{
1 if µ < E(p)
0 if µ > E(p)
(A6)
Thus in the limiting case of vanishing self energy the expression for the spectral functions given in Eqs.26 and 27
collapse to a representation of Dirac delta function. If E(p) is the total relativistic energy, then µ must have the
nucleon mass M incorporated i.e.
µ =M + ǫF (A7)
With this definition, we can perform a constant shift in the integration variable p0, given by:
p0 = ω +M (A8)
And with this shift, the integrals stand:
∫ µ
−∞
dp0 Sh(p0,p) =
∫ µ−M
−∞
dω δ(ω +M − E(p)) =
{
1 if µ−M > E(p)−M ⇒ ǫF > ǫ(p)
0 if µ−M < E(p)−M ⇒ ǫF < ǫ(p)∫
∞
µ
dp0 Sp(p0,p) =
∫
∞
µ−M
dω δ(ω +M − E(p)) =
{
1 if µ−M < E(p)−M ⇒ ǫF < ǫ(p)
0 if µ−M > E(p)−M ⇒ ǫF > ǫ(p)
where ǫ(p) = E(p)−M is the nucleon kinetic energy, which in the non-relativistic regime can be approximated by
ǫ(p) ≅
p2
2M
(A9)
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If ǫF =
p2F
2M is the Fermi energy, then the two step functions θ(pF − |p|) and θ(|p| − pF ) are the solutions of the above
integrals, namely ∫ µ
−∞
dp0 Sh(p0,p) = θ(pF − |p|) ≡ n0(p) (A10)∫
∞
µ
dp0 Sp(p0,p) = θ(|p| − pF ) ≡ 1− n0(p) (A11)
Thus in the absence of interactions, the full dressed propagator reduces to free one and one may write
G(p0,p) =
M
E(p)
∑
r
ur(p)u¯r(p)
[∫ µ
−∞
dω
Sh(ω,p)
p0 − ω − iη +
∫
∞
µ
dω
Sp(ω,p)
p0 − ω + iη
]
=
M
E(p)
∑
r
ur(p)u¯r(p)
[∫ µ
−∞
dω
δ (ω − E(p))
p0 − ω − iη +
∫
∞
µ
dω
δ (ω − E(p))
p0 − ω + iη
]
=
M
E(p)
∑
r
ur(p)u¯r(p)
[
θ(pF − |p|)
p0 − E(p)− iη +
θ(|p| − pF )
p0 − E(p) + iη
]
=
M
E(p)
∑
r
ur(p)u¯r(p)
[
n0(p)
p0 − E(p)− iη +
1− n0(p)
p0 − E(p) + iη
]
(A12)
The hole spectral function Sh(p0,p) is physically interpreted as equal to the joint probability of (i) removing of a
nucleon with momentum p from the correlated ground state, and (ii) of finding the resulting system of (A-1) nucleons
with an energy in the interval p0 and p0 + dp0.
The normalization of this spectral function is obtained by imposing the baryon number conservation following
Ref. [90]:
〈N |Bµ|N〉 ≡ u¯(p)γµu(p) = Bp
µ
M
; B = 1, pµ ≡ (E(p),p) (A13)
and
〈A|Bµ|A〉 = −
∫
d4p
(2π)4
V iT r[G(p0,p)γ
µ]eip0η. (A14)
where V is the volume of the normalization box and exp(ip0η), with η → 0+, is the convergence factor for loops
appearing at equal times.
Using the expression given by Eq.(25), it can be seen that the convergence factor limits the contribution to the hole
spectral function and one gets
〈A|Bµ|A〉 = V
∫
d3p
(2π)3
M
E(p)
Tr
[∑
r
ur(p)u¯r(p)γ
µ
] ∫ µ
−∞
Sh(ω,p)dω
= V
∫
d3p
(2π)3
M
E(p)
Tr
[
(6 p+M)onshell
2M
γµ
] ∫ µ
−∞
Sh(ω,p)dω
= 2V
∫
d3p
(2π)3
M
E(p)
pµonshell
M
∫ µ
−∞
Sh(ω,p)dω ≡ B p
µ
A
MA
(A15)
It is to be noted that in the last step we have imposed that this matrix element gives the right current with B baryons,
in analogy to the expression given by Eq.(A13). pµA is the momentum of the nucleus. The operator (6 p+M) comes
from
∑
ur(p)u¯r(p) which depends only on p, and that corresponds to a free particle with p
µ = (E(p),p), therefore,
the operator (6 p+M) when the particle is on shell is written as
2V
∫
d3p
(2π)3
∫ µ
−∞
Sh(ω,p)dω = B = 1 (A16)
We have ensured that the spectral function is properly normalized and checked it by obtaining the correct baryon
number and binding energy for a given nucleus. In the local density approximation, the spectral functions of protons
and neutrons are the function of local Fermi momentum. The equivalent normalization to Eq.(A16) is written as
2
∫
d3p
(2π)3
∫ µ
−∞
Sh(ω, p, pFp,n(r))dω = ρp,n(r) (A17)
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Nucleus < T > /A (MeV) B.E./A (MeV)
12C 20.2 7.6
27Al 27.8 8.3
56Fe 30.0 8.8
63Cu 29.3 8.7
118Sn 31.8 8.6
197Au 33.7 7.9
208Pb 32.7 7.8
TABLE I: Kinetic energy per nucleon(< T > /A) and binding energy per nucleon(B.E./A) for 12C, 27Al, 56Fe, 63Cu, 118Sn,
197Au, and 208Pb.
where factor 2 is due to two possible projections of spin 12 particle. pFp(n) is the Fermi momentum of proton(neutron)
inside the nucleus which is expressed in terms of proton(neutron) densities given by pFp(n)(r) =
[
3π2ρp(n)(r)
]1/3
.
These nucleon densities are in turn related with the nuclear densities ρ(r)(like ρp(r) =
Z
Aρ(r) and ρn(r) =
A−Z
A ρ(r)),
the parameters of which are determined from lepton scattering experiments. In the present calculation we have used
harmonic oscillator density for 12C nucleus and two parameter Fermi density for 27Al, 56Fe, 63Cu, 118Sn, 197Au, and
208Pb nuclei which are taken from Refs. [91]-[92]. This leads to the normalization condition individually satisfied by
proton and neutron as
2
∫
d3r
∫
d3p
(2π)3
∫ µ
−∞
Sh(ω,p, ρp(r)) dω = Z ,
2
∫
d3r
∫
d3p
(2π)3
∫ µ
−∞
Sh(ω,p, ρn(r)) dω = A− Z , (A18)
For a symmetric nuclear matter of density ρ(r), there is a unique Fermi momentum given by pF (r) =
[
3π2ρ(r)/2
]1/3
for which we obtain
4
∫
d3p
(2π)3
∫ µ
−∞
Sh(ω, p, pF (r))dω = ρ(r) (A19)
leading to the normalization condition given by
4
∫
d3r
∫
d3p
(2π)3
∫ µ
−∞
Sh(ω,p, ρ(r)) dω = A , (A20)
where ρ(r) is the baryon density for the nucleus which is normalized to A and is taken from the lepton nucleus
scattering experiments. Also we calculate the average kinetic and total nucleon energy given by [48]:
< T >=
4
A
∫
d3r
∫
d3p
(2π)3
(E(p) −M)
∫ µ
−∞
Sh(p0,p, ρ(r)) dp0 , (A21)
< E >=
4
A
∫
d3r
∫
d3p
(2π)3
∫ µ
−∞
Sh(p0,p, ρ(r)) p0dp0 , (A22)
and the binding energy per nucleon given by [48]:
|EA| = −1
2
(< E −M > +A− 2
A− 1 < T >) (A23)
Here we have ensured that we retrieve the kinetic energy < T > and the total energy < E > for the nucleon. We
have tabulated in Table I, the kinetic energy per nucleon and the binding energies for nuclei used in the numerical
calculations.
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